Orie, Nelson N., Patrick Vallance, Dean P. Jones, and Kevin P. Moore. S-nitroso-albumin carries a thiol-labile pool of nitric oxide, which causes venodilation in the rat. Am J Physiol Heart Circ Physiol 289: H916 -H923, 2005. First published April 8, 2005 doi:10.1152/ajpheart.01014.2004It is now established that S-nitroso-albumin (SNO-albumin) circulates at low nanomolar concentrations under physiological conditions, but concentrations may increase to micromolar levels during disease states (e.g., cirrhosis or endotoxemia). This study tested the hypothesis that high concentrations of SNO-albumin observed in some diseases modulate vascular function and that it acts as a stable reservoir of nitric oxide (NO), releasing this molecule when the concentrations of low-molecularweight thiols are increased. SNO-albumin was infused into rats to increase the plasma concentration from Ͻ50 nmol/l to ϳ4 mol/l. This caused a 29 Ϯ 6% drop in blood pressure, 20 Ϯ 4% decrease in aortic blood flow, and a 25 Ϯ 14% reduction of renal blood flow within 10 min. These observations were in striking contrast to those of an infused arterial vasodilator (hydralazine), which increased aortic blood flow, and suggested that SNO-albumin acts primarily as a venodilator in vivo. This was confirmed by the observations that glyceryl trinitrate (a venodilator) led to similar hemodynamic changes and that the hemodynamic effects of SNO-albumin are reversed by infusion of colloid. Infusion of N-acetylcysteine into animals with artificially elevated plasma SNO-albumin concentrations led to the rapid decomposition of SNO-albumin in vivo and reproduced the hemodynamic effects of SNO-albumin infusion. These data demonstrate that SNO-albumin acts primarily as a venodilator in vivo and represents a stable reservoir of NO that can release NO when the concentrations of low-molecular-weight thiols are elevated.
THE MAJOR CIRCULATING PLASMA S-nitrosothiol is S-nitroso-albumin (SNO-albumin) (30) , which has been proposed to act as a reservoir of nitric oxide (NO) within the circulation, transporting and releasing NO into vascular beds to cause vasodilation (9, 26) . Although it was initially suggested that the concentrations of S-nitrosothiols in plasma are as high as 7 mol/l (30), the most recent reports agree that the concentrations are in the nanomolar range in health (19, 23, 33, 37) but may increase to low micromolar concentrations in diseases such as endotoxemia (16, 22) . For example, Jourd'heuil et al. (16) observed that plasma concentrations increased from ϳ120 to Ͼ400 nmol/l at 5 h after injection of lipopolysaccharide (LPS), and our group (22) observed that plasma concentrations of Snitrosothiols increased to Ͼ1.2 mol/l after injection of LPS into cirrhotic rats at 2 h. Because both sepsis and cirrhosis are associated with major changes in vascular function, including increased cardiac output and systemic vasodilatation (21, 32, 35) , this suggested to us, and to others (33) , that these hemodynamic changes may be secondary to increased circulating levels of S-nitrosothiols.
However, one of the striking findings of the study on the effects of LPS in cirrhosis was that these rats did not develop hypotension, despite very high plasma concentrations of Snitrosothiols (22) . This was surprising because both Scharfstein et al. (26) as well as Keaney et al. (9) reported that the bolus injection of SNO-albumin at 300 nmol/kg into rabbits or dogs caused a ϳ35% decrease in blood pressure, and our group (22) had also observed that the bolus injection of SNO-albumin caused a transient decrease in mean arterial pressure (MAP) in normal rats. This observation led us to investigate the hemodynamic responses of normal rats to infusion of SNO-albumin to achieve steady-state concentrations similar to those observed in disease states. This approach was more "physiological" because it enabled plasma concentrations to increase gradually over 1-2 h, thus mimicking what actually happens in vivo.
Circulating SNO-albumin can undergo transnitrosation reactions with low molecular weight thiols in plasma to form less stable intermediates such as S-nitrosoglutathione or S-nitrosocysteine, which in turn can undergo reductive or transition metal-dependent decomposition to release NO (26, 27, 34, 36) . This may be important therapeutically, because cysteine (Cyst) may be infused as part of an intravenous infusion of amino acids and N-acetylcysteine (NAC) is frequently infused into patients with severe liver disease or multiorgan failure in Europe. Thus it has been shown that infusion of NAC in acute liver failure or cirrhosis causes transient vasodilatation and an increase in plasma cGMP (6, 13) . One possible explanation for these data is that infusion of NAC may have caused the transient release of NO and vasodilatation in patients with liver disease from circulating S-nitrosothiols.
The aim of the present study was to test the hypothesis that the concentrations of SNO-albumin that are found in disease states modulate vascular function and second to determine whether SNO-albumin acts as a stable reservoir of NO that releases NO when the concentrations of low-molecular-weight thiols are increased.
MATERIALS AND METHODS
Synthesis of SNO-albumin. SNO-albumin was prepared as previously described (20) . In brief, human albumin (20 mg/ml) was initially treated briefly with 2 mmol/l dithiothreitol in PBS to reduce the Cys-34 thiol group. It was then dialyzed for 48 h against 5 ϫ 3 liters of PBS containing diethylenetriaminepentaacetic acid (100 mol/l) and diluted to a final concentration of albumin at 0.15 mmol/l. S-nitrosocysteine (ϳ100 mmol/l) was prepared fresh by reacting L-cysteine hydrochloride (100 mmol/l) with sodium nitrite (100 mmol/l) at pH 2. S-nitrosocysteine was added to reduced albumin in a ratio of 9 to 1 and stirred at room temperature for 30 min in the dark to form SNO-albumin. The yield of SNO-albumin is usually Ͼ80% (with respect to reactive thiols). Any unreacted thiol groups were then alkylated with N-ethylmaleimide (NEM; 1 mmol/l) at room temperature, followed by dialysis at 4°C in the dark against 4 ϫ 3 liters of PBS containing 100 mol/l diethylenetriaminepentaacetic acid for 48 h. SNO-albumin was stored at Ϫ80°C, and its concentration (ϳ120 -140 mol/l) was determined immediately before use by the Saville reaction (25) .
Animal studies. All experiments were performed in male SpragueDawley rats (Harlan) weighing 280 -350 g; animal experiments were approved by the Home Office. Rats were housed in the central animal facility of the university with food and water available ad libitum. They were anesthetized with isoflurane (1.5%, Baxter) vaporized with air (Vatex 3 calibrated vaporizer, Cheshire, UK). Delivery of the anesthetic was maintained via a tracheal cannula while the animal respired spontaneously. Body temperature was maintained at ϳ37°C with the use of a heated pad. The right jugular and right femoral veins were cannulated for drug infusion and bolus injection, respectively. The jugular vein cannula was connected to a motor-driven syringe pump (model SE200B, Vial Medicals) for infusion of fluids or drugs. The left carotid artery was cannulated, and blood pressure was monitored using a Sensonor pressure transducer and the PowerLab data acquisition system (AD Instruments). A midline laparotomy was carried out, and 1) the urinary bladder was cannulated to prevent urinary retention, and 2) transonic flow probes (Transonics System) were placed on the lower abdominal aorta (below the left renal artery) and on the left renal artery. Arterial blood flow rates were measured by a flow meter (model T206, Transonics System). Three needle electrodes were implanted subcutaneously at the two upper limbs and one at the lower limb for ECG monitoring and measurement of heart rate.
Vascular resistance was calculated as follows:
where RBF is renal blood flow and ABF is aortic blood flow. Hemodynamic studies. After surgery, normal saline was infused continuously at 20 ml ⅐ kg Ϫ1 ⅐ h Ϫ1 until drug infusions were commenced. Baseline measurements were made after stabilization of basal blood flows and pressure for at least 15 min.
There were four groups of normal rats studied. These were 1) rats infused with albumin in saline (control-albumin, 90 mol/l; this was identical to the albumin base concentration in the SNO-albumin infusion; n ϭ 4), 2) rats infused with SNO-albumin (1.8 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 ; n ϭ 5), 3) rats infused with glyceryl trinitrate (GTN; 6 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 ; n ϭ 4), and 4) rats infused with hydralazine (6 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 ; n ϭ 6). All infusions were carried out in normal saline at a volume rate of 20 ml ⅐ kg Ϫ1 ⅐ h Ϫ1 . Further studies were carried out as described for the measurements of plasma thiols or to assess the effects of volume challenge.
Sixty minutes after the onset of SNO-albumin or drug infusion, NAC (0.8 mmol/kg in saline, injection volume ϭ 1.25 ml/kg) or an equal volume of saline was injected as a bolus via the femoral vein, and the hemodynamic effects were monitored for a further 30 min.
Infusion of SNO-albumin or other drugs was continued during this time. At the end of each experiment, blood was collected via the carotid artery into a tube containing EDTA (5 mmol/l final concentration) and NEM (5 mmol/l final concentration). The blood was centrifuged at 8,500 g in an Eppendorf Microfuge for 1 min to separate the plasma. NEM was added to the plasma to give a final concentration of 5 mmol/l and thus stabilize and prevent the decomposition of S-nitrosothiols. Samples were stored at Ϫ20°C until assay. Thus these data give the plasma S-nitrosothiol concentration at the end of drug infusion and assess the effects of a bolus injection of NAC on circulating RSNO concentrations.
Effect of SNO-albumin on plasma thiol concentrations. To measure the effect of infusion of SNO-albumin on plasma concentrations of thiols, a further series of experiments (n ϭ 4 each) were carried out in which no hemodynamic measurements were made. This was to avoid the effects of blood sampling and volume replacement on systemic hemodynamics in the preceding studies. Fifteen minutes after the start of saline infusion (20 ml ⅐ kg Ϫ1 ⅐ h Ϫ1 ), a single blood sample (1 ml) was taken from the carotid artery for measurement of baseline concentrations of plasma thiols, followed by bolus injection of 1 ml of saline to replace volume. Fifteen and sixty minutes after the onset of SNO-albumin or control-albumin infusion, a blood sample (1 ml) was collected as above. Sixty-five minutes after the start of SNO-albumin infusion, a bolus of NAC (0.8 mmol/kg) was injected, and a further 1 ml of blood was collected 10 min later. Each blood sample was quickly transferred to two tubes containing a preservative solution (vol/vol) previously described by Jones et al. (14) and gently inverted for mixing. The tubes were then spun at 8,500 g in a microcentrifuge for 1 min to remove the cells. Aliquots (200 l) of supernatant were transferred to another set of two tubes containing perchloric acid and inverted to mix. These were then frozen in dry ice and stored at Ϫ80°C. All samples were analyzed within 1 mo of collection.
Measurement of plasma S-nitrosothiol concentrations. Plasma Snitrosothiols were measured using a chemiluminescence-based assay previously described (19) . In brief, samples were stabilized with NEM (5 mmol/l), and any nitrite contaminant was removed by adding 2.5% sulfanilamide in 1 M hydrochloric acid to the sample in a ratio of 1:5. Each sample was then injected into a purge vessel containing refluxing glacial acetic acid, potassium iodide, and copper sulfate. This method eliminates interference from circulating nitrite or nitrate, and the NO signal is quantified by its gas-phase chemiluminescence reaction with ozone in an NO analyzer.
Measurement of plasma thiol concentrations. Thiol concentrations were measured by HPLC according to the method described by Jones et al. (14, 15) . In brief, after centrifugation of the samples to pellet protein, aliquots (300 l) were transferred to fresh tubes and derivatized with iodoacetic acid followed by dansyl chloride. Thereafter, aliquots (20 l) were analyzed on a 3-aminopropyl column (5 m; 4.6 mm ϫ 25 cm; Custom LC, Houston, TX) with a gradient formed from 80% methanol-water and 4 M sodium acetate, pH 4.6, containing 64% methanol. Fluorescence was monitored with bandpass filters, at 305-to 395-nm excitation and 510-to 650-nm emission (Gilson Medical Electronics, Middleton, WI), with two detectors in series with different sensitivity settings to facilitate simultaneous measurement of cysteine disulfide (Cyss) and glutathione disulfide (GSSG). Quantitation was obtained by integration relative to the internal standard, with validation relative to external standard.
Statistics. Data were acquired with Chart version 4.1.2 software from AD Instruments. MAP was calculated according to this formula: 1/3 pulse pressure (systolic Ϫ diastolic pressures) ϩ diastolic pressure. Data are presented as means Ϯ SE. MAP, ABF, RBF, and heart rate values presented were taken every 5 min for the duration of each experiment. Statistical analysis was by Student's t-test (unpaired) and ANOVA as appropriate. P values Ͻ0.05 were considered statistically significant.
RESULTS

Infusion of SNO-albumin lowers blood pressure.
At baseline, the heart rate was 372 Ϯ 4 beats/min and MAP was 135 Ϯ 2 mmHg, with an ABF of 35.4 Ϯ 0.9 ml/min and a RBF of 6.3 Ϯ 0.4 ml/min. Within 10 -15 min of commencement of infusion of SNO-albumin, there was a transient 29 Ϯ 6% decrease in MAP (Fig. 1) , and this was associated with a 4 Ϯ 2% decrease in heart rate and 20 Ϯ 4% decrease in ABF (Fig.  1) . Aortic vascular resistance (AVR) was unchanged. Infusion of SNO-albumin also caused a 25 Ϯ 14% decrease of RBF, which was associated with a moderate increase in renal vascular resistance (RVR) (see Fig. 2 ). These hemodynamic changes returned toward basal levels over 25-35 min.
Comparison of SNO-albumin with other vasodilators. The initial hemodynamic changes caused by infusion of SNOalbumin were surprising because they are not characteristic of an arterial vasodilator. Normally, a drug that causes arterial vasodilatation leads to an increase in cardiac output and a decrease in systemic vascular resistance, whereas the decrease in ABF after SNO-albumin infusion suggested that cardiac output had decreased. Therefore, we first compared and contrasted the responses observed with the arterial vasodilator hydralazine. Infusion of hydralazine caused an immediate fall in blood pressure that was slow to recover (Fig. 3) , with a compensatory 7 Ϯ 3% increase of ABF and a 54 Ϯ 10% decrease of RBF, which remained depressed throughout the infusion period (Fig. 3) . Infusion of hydralazine led to a 32 Ϯ 6% decrease in AVR and a 75 Ϯ 26% increase in RVR. These data are shown in Fig. 2 , bottom, to enable direct comparison with the effects of SNO-albumin infusion. These results are exactly as one would predict for an arterial vasodilator and suggested that SNO-albumin was behaving differently.
We next considered the possibility that SNO-albumin was behaving as a venodilator and therefore compared its effects to infusion of GTN. Infusion of GTN evoked similar hemodynamic changes to those observed with SNO-albumin (Fig. 3) . However, there were some differences, in particular the decrease in MAP did not recover fully during GTN infusion and the decrease in MAP was greater with GTN, presumably because the dose was not equivalent. One of the characteristics of a venodilator is that their hemodynamic effects can be reversed by volume expansion. Therefore, in a separate series of studies, the effect of colloid infusion on systemic hemodynamics was determined. SNO-albumin or GTN were infused as previously, but after ϳ15 min, when their hemodynamic changes were maximal, a bolus of 6 ml/kg of a synthetic hydroxyethyl starch (EloHaes, Fresenius Kabi) was injected via the femoral vein. This volume challenge caused an immediate reversal of the hemodynamic changes, with concomitant and immediate increases in MAP, ABF, and RBF in animals infused with SNO-albumin as well as those infused with GTN. A typical tracing showing the response to this test is shown in Fig. 4 . To seek further evidence of venodilation, the central venous pressure (CVP) was monitored in five rats during infusion of SNO-albumin. SNO-albumin infusion caused a small but significant decrease in CVP consistent with venodilation (Fig. 5) .
The hemodynamic effects of SNO-albumin are enhanced by NAC. Circulating SNO-albumin can undergo rapid transnitrosation reactions with low-molecular-weight thiols to form a less stable species. However, this is limited by the concentration of low-molecular-weight thiols (typically Ͻ20 mol/l). To test the hypothesis that infusion of a low-molecular-weight thiol would cause NO liberation and further hemodynamic changes and catalyze the decomposition of SNO-albumin, a bolus injection of NAC or saline was administered after 60 min of infusion of SNO-albumin. Injection of NAC caused a 24 Ϯ 7% decrease in arterial pressure and a 2 Ϯ 4% and 24 Ϯ 10% decrease of ABF and RBF, respectively, within 5 min of its administration. Both AVR and RVR were relatively unaffected (see Fig. 2 ). Infusion of NAC into rats infused with control albumin, hydralazine, or GTN was associated with variable but minor hemodynamic changes. Thus infusion of NAC caused a modest increase of ABF in animals infused with hydralazine or GTN and a modest reduction of RBF during GTN or hydralazine infusion (Fig. 3) .
Effects of NAC on plasma S-nitrosothiol concentrations.
To determine whether infusion of NAC caused decomposition of circulating plasma S-nitrosothiols, the plasma concentrations of S-nitrosothiols (predominantly SNO-albumin) were measured in samples collected in the absence or after a bolus injection of NAC. The plasma concentrations of S-nitrosothiols were 48 Ϯ 10 nmol/l for animals infused with control albumin and 4.1 Ϯ 0.7 mol/l for those infused with SNO-albumin without NAC (Fig. 6 ). For animals that received a bolus injection of NAC during SNO-albumin infusion, the plasma concentration of S-nitrosothiols decreased from 4.1 to 1.0 Ϯ 0.2 mol/l (P Ͻ 0.001, Fig. 6 ).
Plasma thiol concentrations. A key observation during these studies was the rapid decrease of blood pressure and subsequent recovery during continued SNO-albumin infusion. This was not observed with GTN (Fig. 3) . One possible explanation for the rapid hemodynamic recovery observed is that SNOalbumin leads to the consumption and oxidation of the lowmolecular-weight thiols, and this can be reversed by NAC, leading to further hemodynamic change. To test this hypothesis, the plasma concentrations of the major low-molecularweight thiol pool were measured during the infusion of SNOalbumin or control-albumin alone in five animals. Low-molecular-weight thiols measured included Cys and glutathione (GSH) and their disulfides, (Cyss and GSSG, respectively) before and during SNO-albumin infusion. The results are shown in Table 1 . The concentrations of Cys, GSH, Cyss, and GSSG remained relatively unchanged during SNO-albumin infusion. Similarly, there were no changes in the redox potentials of the two thiol-disulfide pools (GSSG/GSH and Cyss/ Cys) during SNO-albumin infusion. However, after NAC injection Cys, Cyss and redox potential of Cyss/Cys increased significantly (P Ͻ 0.05). These data do not support the concept Fig. 2 . Summary of the changes in aortic and renal vascular resistance (AVR and RVR, respectively) during the infusion of SNO-albumin (top; n ϭ 6) or hydralazine (bottom; n ϭ 4) in rats. Infusions were commenced at 15 min of stable baseline recording (1st arrows). A bolus of NAC was injected at the times indicated (2nd arrows).
that SNO-albumin infusion leads to consumption of lowmolecular-weight thiols in vivo.
DISCUSSION
SNO-albumin is the most abundant circulating S-nitrosothiol in plasma, but its role in the control of vascular function remains unknown. Several studies have shown that the bolus injection of S-nitrosothiols, including SNO-albumin, causes an immediate reduction of blood pressure (8, 9, 22, 24, 26) , and the general assumption has been that this is secondary to systemic vasodilation. This assumption is based partly on the finding that various S-nitrosothiols have been shown to cause relaxation of preconstricted vascular rings (9, 11, 12) . Other studies have shown that infusion of SNO-albumin into dogs whose reflex responses had been prevented by autonomic blockade resulted in a modest dose-dependent increase in coronary blood flow, and systemic infusion of SNO-albumin led to a sustained decrease of blood pressure, together with a modest decrease in left ventricular end diastolic pressure and pulmonary capillary wedge pressure (9) .
Although it is clear that injection of a bolus of SNO-albumin causes an acute decrease in blood pressure, no study has evaluated its effects as a "vasodilator." In preliminary studies, we found that infusion of SNO-albumin to achieve a plasma concentration of ϳ1 mol/l over 60 -90 min had no effect on blood pressure or ABF in normal rats (data not shown). These data are consistent with our previous study (22) in which we showed that injection of endotoxin into cirrhotic rats led to a marked increase of plasma S-nitrosothiols from 50 nmol/l to ϳ1 mol/l, and yet these animals did not develop hypotension. Therefore, in the present study, we infused SNO-albumin to achieve a higher plasma concentration (ϳ4 mol/l), which was sufficient to cause a fall in blood pressure and alter aortic and RBF. Contrary to the general perception that SNO-albumin is a systemic arterial vasodilator, the present study shows that infusion of a high dose of SNO-albumin predominantly causes venodilation and a secondary decrease in cardiac output and blood pressure. Three observations support our conclusion that venodilation is the most dominant vascular response. First, the vascular effects of SNO-albumin were similar to those of GTN, a known venodilator (11) . Second, blood pressure and ABF after SNO-albumin were normalized by infusion of colloid to increase plasma volume. Third, infusion of SNO-albumin led to a modest decrease of CVP. The mechanisms that lead to an agent such as SNO-albumin or GTN to act predominantly as a venodilator are not clear. One major difference between arteries and veins is the intensity or level of exposure to endogenous NO. Thus veins are exposed to relatively little NO under normal conditions, and this may increase the sensitivity of guanylate cyclase to NO-mediated vasodilation. Thus Kojda et al. (10) have shown that exposure of coronary arteries to micromolar concentrations of NO inhibits vascular bioactivation of GTN and leads to desensitization of soluble guanylate cyclase. Most studies that have tried to explain the venoselectivity of nitrates have suggested that there may be increased venous activity of the enzymes necessary for the bioactivation of nitrates. GTN undergoes biotransformation in vascular tissue to yield 1,2-glyceryl dinitrate (1,2-GDN), 1,3-GDN, inorganic nitrite, and NO or an S-nitrosothiol (2, 7) . Early studies suggested that deoxyhemoglobin may be involved in the bioactivation of GTN because GTN breaks down in the presence of deoxyhemoglobin to yield nitrite (1, 18) . Other studies have suggested that bioactivation of GTN may involve a glutathione S-transferase, which also forms inorganic nitrite from GTN (17, 28) , and recent studies from the laboratory of Stamler and colleagues (2, 31) identified a nitrate reductase (mitochondrial aldehyde dehydrogenase) that specifically catalyzes the formation of 1,2-GDN and nitrite from GTN.
Although much of the focus of this work has centered on the formation of 1,2-GDN and subsequent venodilation, this type of pathway is unlikely to be invoked as the mechanism of action for SNO-albumin. However, one emerging theme in all of these pathways is the formation of inorganic nitrite, which we now know can be converted to NO through a deoxyhemoglobin-dependent pathway (3). Although SNO-albumin can release NO when exposed to low-molecular-weight thiols, much of the NO appears as inorganic nitrite, at least in vitro (data not shown); the formation of nitrite during SNO-albumin infusion was not measured. Thus nitrite, released through thiol-dependent metabolism of SNO-albumin (or by the bioactivation of GTN), may lead to venodilation through a deoxyhemoglobin-dependent pathway under the relatively hypoxic conditions of the venous circulation and explain the predominant venoselectivity of SNO-albumin observed in this study.
A second observation of this study is that the reduction of blood pressure produced by SNO-albumin was transient even ) and after a bolus injection of NAC (n ϭ 5).
though the plasma concentrations remained high. We have previously shown that SNO-albumin is relatively stable, with a half-life of ϳ30 min in vivo, and that plasma S-nitrosothiols undergo rapid decomposition in the presence of low-molecular-weight thiols (19, 20) . Studies by Scharfstein et al. (26) and Tsikas et al. (34) have previously demonstrated that Cys or NAC can undergo transnitrosation reactions with SNO-albumin in vivo, and we observed that infusion of NAC was accompanied by a marked decrease of plasma SNO-albumin concentrations (Fig. 6) , consistent with the concept that NAC reacts with SNO-albumin to form S-nitroso-N-acetylcysteine, which then releases NO acutely (Fig. 7) . The fact that bolus injection of SNO-albumin, which leads to a transient but very high plasma concentration of SNO-albumin, causes transient hypotension in vivo suggests that SNO-albumin may undergo transnitrosation to form a more labile but finite pool of Snitrosothiols, which then releases NO. To investigate whether a sustained increase in plasma S-nitrosothiol concentration could lead to consumption of circulating redox-active thiols, which normally catalyze the decomposition or transfer of NO into cells, we measured the concentration of redox active thiols during infusion of SNO-albumin and observed no change. There are several potential mechanisms to explain this. For example, the measurement of plasma thiols over the time of infusion may not be sufficiently accurate to detect the changes in plasma thiol concentration, particularly if the reductive pathways that lead to the maintenance of extracellular thions keep pace with the changes induced by SNO-albumin infusion.
Second, there are data to suggest that circulating S-nitrosothiols may release NO at the cell interface through cell surface thiols. Thus Zai et al. (38) have shown that a protein disulfide isomerase catalyzes the transnitrosation of a cell surface thiol and regulates intracellular transfer of NO. Whether this pathway is saturable is unknown, but, if so, it would explain why the effects of SNO-albumin are limited or transient. This system may also confer venoselectivity, because there may be differential expression on venous endothelium compared with arterial endothelium.
The present study evaluated the effect of "high" plasma concentrations of SNO-albumin on systemic hemodynamics. There has been much debate about the concentration of circulating S-nitrosothiols ever since the first publication reported concentrations of SNO-albumin at ϳ7 mol/l (30). Most investigators in the field, who use assays that have been well validated, have observed concentrations that are 100-to 500-fold lower than those first reported (19, 23, 33, 37) . The validity and specificity of the method based on photolysis have also recently been questioned in a detailed study (4) . Despite this, publications are still emerging that challenge the findings of numerous investigators, without an equally rigorous validation of the assays under contention (5, 29) . The observation that high plasma concentrations of SNO-albumin are needed to cause venodilation suggests that endogenous circulating SNOalbumin has little impact on vascular function in vivo. However, whether the human circulation has similar sensitivity to SNO-albumin is unknown at present. The present findings demonstrate why high circulating plasma concentrations of SNO-albumin are not associated with catastrophic cardiovascular collapse in certain diseases and may explain why infusion of NAC causes a decrease in blood pressure in patients with acute or chronic liver failure but not in healthy individuals (6, 13) .
We conclude that SNO-albumin acts primarily as a venodilator in vivo, leading to a reduction of ABF and RBF. These effects can be enhanced in vivo by infusion of a low-molecular-weight thiol such as NAC. Values are means Ϯ SE of 6 separate experiments. Effects of S-nitroso (SNO)-albumin infusion were investigated on plasma concentrations of these low-molecular-weight thiols: cysteine (Cys), glutathione (GSH), and their disulfides, cystine (Cyss) and glutathione disulfide (GSSG), as well as mixed disulfide (MD). Redox potentials (Eh) of the 2 thiol-disulfide pools (GSSG/GSH and Cyss/Cys) are also shown. Blood samples were collected before (0 min) and at 15 and 60 min after the onset of SNO-albumin infusion. N-acetylcysteine (NAC) was then injected as a bolus (0.8 mmol/kg) at ϳ65 min from the onset of SNO-albumin infusion, and blood was collected 15 min later (after NAC). *P Ͻ 0.05 and †P Ͻ 0.001 compared with controls (time ϭ 0 min). 
